Context: There is little information regarding b cell mass in individuals at early stages of type 1 diabetes (T1D).
b cell mass cannot currently be directly measured in living individuals. The acute insulin response to arginine at hyperglycemia (AIRmax) is a dynamic test that measures the acute insulin response to arginine in the presence of marked hyperglycemia. It is considered to reflect b cell secretory reserve or b cell mass (1, 2) . Studies in animal models and humans have demonstrated that AIRmax is well correlated with b cell mass in contrast to first-phase insulin response (FPIR) (1, (3) (4) (5) (6) (7) (8) .
The TrialNet Pathway to Prevention Study aims to gain information about the pathogenesis and natural history of T1D, as well as to facilitate the assessment and recruitment of individuals who might qualify for T1D prevention trials. The study screens relatives of individuals with T1D for diabetes-related autoantibodies to identify those at risk for disease (9) .
The aim of this TrialNet ancillary study is to evaluate insulin secretory reserve as determined by AIRmax and IV glucose tolerance test (IVGTT)-derived FPIR in highrisk subjects for T1D. To our knowledge, this is the first report of AIRmax in antibody-positive relatives of individuals with T1D. We also assessed the reproducibility and tolerability of the AIRmax to determine whether it could serve as a suitable measure for risk stratification or endpoint in clinical trials of diseasemodifying therapy.
Research Design and Methods

Subjects
After TrialNet Ancillary Studies Committee and Institutional Review Board approval, eligible subjects were identified through the TrialNet Pathway to Prevention Study, which tests first-and second-degree relatives for the presence of autoantibodies. Forty nondiabetic subjects were enrolled in the study according to islet cell antibody status: (1) relatives of patients with T1D having zero or one antibody defined as low risk for developing T1D (n = 21) and (2) relatives with two or more antibodies as high risk for T1D (n = 19).
Participants came for up to three visits. After informed consent, subjects underwent two tests of secretion on different days and an oral glucose tolerance test (OGTT) if not already done as part of the TrialNet Pathway to Prevention Study. All subjects were asked about their study experience following each test.
OGTT
Subjects consumed Glucola (at a dose of 1.75 g/kg body weight to maximum of 75 g) within 5 minutes. Samples were collected at 210, 0, 30, 60, 90, and 120 minutes.
Insulin secretion test
After overnight fasting, baseline samples were obtained, and 0.5 g/kg glucose was given (intravenously over 3 minutes). Samples were then collected at 1-, 3-, 5-, 7-, and 10-minute time points. FPIR was the sum of these 1-plus 3-minute insulin values. Low FPIR was defined as in Diabetes Prevention TrialType 1 (DPT-1) #100 mU/mL (10). IVGTT was then administered over 20 minutes to raise blood glucose to $300 mg/dL, at which time arginine (5 gm; IV over 1 min) was given. Samples were then collected at 2, 3, 4, 5, 7, and 10 minutes. AIRmax was calculated as mean insulin levels postbolus at 2 + 3 + 4 + 5 minutes minus baseline value. Additionally, the acute C-peptide responses to IVGTT and glucose-potentiated arginine were calculated, as noted for insulin. 
Results
Demographic information of the 40 subjects who participated in this study is summarized in Table 1 . There were no statistically significant differences between the groups with respect to age, body mass index, gender, or HLA. There were no statistical differences between groups with respect to fasting (P = 0.75) or 2-hour glucose (P = 0.18) during OGTT. Of the 40 subjects, 11 of them had impaired glucose tolerance (IGT), which included 3 subjects from low-risk group and 8 subjects from highrisk group. The rest of the 29 subjects had normal glucose tolerance (NGT). The fasting glucose at the time of IVGTT (P = 0.35) and the glucose prior to arginine stimulation (P = 0.15) were also comparable between the two groups.
Acute insulin response to IVGTT and AIRmax as measures of b cell function and mass
Those with zero or one antibody and therefore low risk for disease progression had significantly higher FPIR than those with two or more antibodies (192.6 6 32.7 vs 115.4 611.05 mU/mL, P = 0.02). In contrast, AIRmax was not significantly different between these groups (222.7 6 24.19 vs 179.4 6 23.97 mU/mL, P = 0.10).
Neither FPIR nor AIRmax was different between individuals with IGT (n = 11) and NGT (n = 29). FPIR was 158.4 6 19.53 mU/mL in IGT and 149.4 6 46.69 mU/mL in NGT group (P = 0.17), and AIRmax was 175.7 + 37.84 mU/mL in IGT and 212.1 6 18.99 mU/mL in NGT (P = 0.37). Moreover, neither FPIR nor AIRmax was a significant predictor of 2-hour glucose values from the OGTT (data not shown). FPIR and AIRmax were correlated [r = 0.779, 95% confidence interval (0.617 to 0.877)] in all subjects (Fig. 1 ). Those individuals with low FPIR (n = 14) as defined during Diabetes Prevention Trial-Type 1 (DPT-1) had significantly lower AIRmax than the rest of the subjects (n = 26) (136.4 6 17.74 vs 237.5 6 21.86 mU/mL, P = 0.002).
In those with two or more antibodies (high-risk group, n = 19), FPIR and AIRmax were correlated as well (r = 0.73). Using DPT-1 criteria for low FPIR as impaired b cell function, we identified 10 of 19 (52.6%) subjects in the high-risk group below this threshold (Fig. 2) . As shown, these individuals had a wide range of AIRmax values. In those in the low-risk group (zero to one antibody, n = 21), only 4 of 21 (19%) individuals had low FPIR. The four subjects include one subject with no antibodies and three subjects with one antibody; one of these three subjects had IGT. These individuals also had a wide range of AIRmax values.
Reproducibility and tolerability of IVGTT and AIRmax
Thirty-eight of 40 participants underwent repeat IVGTT and AIRmax testing within 2 to 45 days. There was a high correlation for both insulin (r = 0.778) and Cpeptide (r = 0.802) responses to glucose-potentiated arginine stimulation conducted on different days (Fig. 3) . Similarly, the IVGTT tests conducted on different days showed good reproducibility with both insulin [FPIR (r = 0.93)] and C-peptide (r = 0.95) values. Intraclass correlation was close to 1.0 for each, although differences in replicate AIRmax values tended to increase with larger initial levels.
AIRmax was well tolerated. Most participants experienced no symptoms; some reported only mild symptoms, the most common of which were high glucose infusioninduced bladder fullness and flushed feeling, and the sensation of a transient metallic taste during IV arginine. In the study survey, 85% of participants responded that the test would be appropriate in young children (Table 2) .
Conclusions
In this study, we report significant variation in insulin secretory reserve as assessed by AIRmax in family members with low b cell function assessed by FPIR. As AIRmax is a functional measure associated with b cell mass, these data suggest heterogeneity in disease pathogenesis in which mass is preserved in relation to function in some individuals.
b cell dysfunction is known to occur as antibodypositive individuals progress to clinical type 1 diabetes. b cell function has been measured by assessing the early insulin (,10-minute) response after an IVGTT bolus (FPIR). In DPT-1, 60% of antibody-positive relatives with low FPIR progressed to clinical disease within 5 years (10). Moreover, FPIR was lower in those with IGT as compared with NGT. Yet, in DPT-1, FPIR explained only 14% of the variance in OGTT glucose response, and many with low FPIR did not progress during this time period (11) . Similarly, C-peptide or insulin during an OGTT is a poor predictor of disease progression, remaining relatively stable until just prior to diagnosis (12) . Although these data suggest that an acute change in function occurs in the peri-diagnostic period, other longitudinal functional data support either linear decline or waxing and waning of function potentially consistent with disease flares (13) .
In contrast to the breadth of studies describing b cell function during disease progression, little information is available about b cell mass. Studies in animal models and humans support the concept that FPIR is poorly correlated with b cell mass in contrast to AIRmax (3) (4) (5) . In baboons treated with varying doses of streptozocin, AIRmax was highly correlated with b cell mass (4). Moreover, studies from human autologous islet transplantation demonstrate that AIRmax is highly correlated with the numbers of transplanted islets (1, 2, 6-8).
In the current study, relatives with multiple antibodies and impaired insulin secretion have a wide range of AIRmax responses (38 to 250 mU/mL) up to 6.5-fold. Although a limitation of the current study is that there was no healthy normal control group, several independent studies have found remarkably similar values of AIRmax in healthy adults of ;300 mU/mL (1, 6, 7, 14, 15) . When studied in otherwise healthy subjects who underwent hemipancreatectomy and thus have ;50% of normal b cell mass, AIRmax was markedly impaired at 95 mUml (16) . We previously reported that individuals with early, but asymptomatic type 1 diabetes have normal fasting and arginine-stimulated insulin response when normoglycemic, but markedly reduced AIRmax at ;90 mU/mL (15) . Thus, it is likely that the low AIRmax values in some of the subjects in the current study represent markedly impaired functional b cell mass.
It is now accepted that nearly all of those with two or more antibodies will eventually progress to clinical disease (17) . This study demonstrates that AIRmax is well tolerated and reproducible in adults. Further work will require longitudinal studies of AIRmax that include children whose rate of progression at each stage of disease is more rapid than adults. Development of a marker that further predicts the rate of progression or that can detect early effects of therapy on disease progression is needed. Because AIRmax is a surrogate measure of b cell mass, whereas FPIR represents functional measure of b cells, using combination of the two measurements could test the hypothesis that the rate of progression to disease in subjects with both low FPIR and low AIRmax is more rapid than those with only low FPIR.
Two recent reports using the data from the network for pancreatic organ donors indicate that b cell mass was preserved in nondiabetic autoantibody-positive subjects (18, 19) , but there is controversy as to the interpretation and relevance of these data positing relative intact, but dysfunctional b cells underlying disease progression in contrast to chronic b cell destruction. This controversy emphasizes that relationship of dysfunction to mass and the kinetics of disease progression is not well understood.
Our data indicate that both perspectives are correct; whereas function and mass are correlated in our study, in some individuals there is relatively preserved mass and in others it is severely depressed. This heterogeneity is evident in those both with and without multiple antibodies. These studies once again emphasize the need to understand the multiple pathways to T1D to develop targeted therapies. For example, it is possible that those with a severe functional defect, but relatively intact mass, may be more likely to respond to disease-modifying therapy. The tolerability and reproducibility of AIRmax suggest it could be a useful stratification measure in clinical trials to address these questions.
